Leukaemia is the most common cancer among children. It accounts for around 30% of all new cases of cancer in children aged less than 15 years . About 500 children in Great Britain develop leukaemia each year, with a peak in incidence at around age 4 years (Swerdlow et al, 2001) . The most common leukaemia subtypes in childhood are lymphoid leukaemia (LL), accounting for around 80% of leukaemia cases, and acute myeloid leukaemia (AML), accounting for about 14% of cases (Stiller, 2007) , as defined in the International Classification of Childhood Cancer version 3 (ICCC3) (Steliarova-Foucher et al, 2005) . The LL subtype is effectively the same as the previously used grouping acute lymphoblastic leukaemia, as chronic LL is extremely rare among children.
The risk of cancer in adults from exposures experienced at work has been widely studied (Coggon et al, 2009 ). There has also been concern that occupational exposures at work may be risk factors for cancer in the children of workers (Colt and Blair, 1998) . Results from previous epidemiological studies have shown no consistent association between parental occupational exposures and an increased risk of cancer in their offspring (Colt and Blair, 1998) , though evidence for an association between paternal exposure to solvents and increased risk of leukaemia in their offspring is credible (Cordier, 2008) . However, the interpretation of epidemiological evidence has been complicated by weak exposure assessments and limited case numbers.
The aetiology of childhood cancers, including leukaemia, is not well understood and there is continuing debate about the role of occupational and environmental exposures (Belson et al, 2007) as there is about the importance of the exposure route and timing (Roman et al, 2005) . It is thought that exposures to the mother may be relevant during the intrauterine period and to the father preconceptually, when germ cells may be affected, and, for both parents, post-natally when residues from work may be brought into the home. In this study, we focus on paternal occupation because it is more completely recorded on birth registrations during our study period than maternal occupation (Fear et al, 1999a) .
The main objective of this study is to investigate possible associations between paternal occupational exposure and childhood leukaemia in Great Britain using a matched case-control design. This study addresses some of the shortcomings of previous studies by drawing the study population from the National Registry of Childhood Tumours (NRCT), which holds a substantially complete record of all childhood cancers registered in the United Kingdom between 1962 and 2006 . We use job title to derive an approximate measure of paternal social class and use this to investigate the possible independent associations between paternal social class and childhood leukaemia.
MATERIALS AND METHODS

Cases and controls
The NRCT contained 17 793 registered cases of leukaemia in children aged o15, born and diagnosed between 1962 and 2006 in Britain. A total of 691 cases were excluded because they were born overseas or adopted. Additionally, 338 for whom no birth registration could be found were excluded, leaving 16 764 eligible cases for whom a birth record was available.
Control children (n ¼ 16 764) were selected from all birth registrations, held by the Office for National Statistics (ONS) or the General Register Office for Scotland (GROS). One control for each case was selected, matched on sex, date of birth (± 6 months) and birth registration subdistrict.
The completeness of ascertainment of childhood cancer cases in the NRCT has varied over time, but it contains a substantially (497%) complete record of all registered cases of childhood cancer in the Britain from the early 1970s (Kroll et al, 2011a; Stiller, 2007) .
Oxfordshire Research Ethics Committee (Oxfordshire REC C, Ref 07/Q1606/45) approved the use of these data in 2007.
Coding of occupational groups
In the UK, paternal occupation is routinely recorded on the public record of birth registrations where the father is named. Paternal occupation was abstracted verbatim from the case and control birth records as supplied by ONS and GROS.
Occupations were coded according to the 1980 Office of Population Censuses and Surveys (OPCS) Classification of Occupations (Office of Population Censuses and Surveys, 1980) . Coding was carried out independently by two coders using the OPCS (now the ONS) coding manuals. Where the two coders disagreed, a third coded the occupation. Where the third coder agreed with one of the original coders that agreed code was assigned. Where all three coders disagreed the occupation was coded as 'uncodable'. At all stages, occupations were coded blind to the case-control status of the individuals. The 1980 classifications were converted to the codes used in the 1970 Classification of Occupations (Office of Population Censuses and Surveys, 1970) using a computer programme.
The 1970 codes were subsequently allocated to 1 or more of 33 occupational exposure groups, which have been described elsewhere (Fear et al, 1999a; Fear et al, 1999b) . Briefly, the occupational exposure groups were derived by one of the authors (NTF) in conjunction with an occupational hygienist and an occupational researcher. Occupations not appearing in any of the 33 groups were classified 'unexposed' in all groups.
Occupations classified to one or more of the exposure groups were further defined as having either 'definite' (daily contact with the agent or contact at a high intensity) or 'possible' (exposure to the agent neither daily nor at high intensity) exposure in that group. Job titles could be coded to more than one occupational exposure group; for example, bus drivers appear as exposed in 'exhaust fumes', 'inhaled hydrocarbons' and 'social contact'. Each 1980 occupation code was then assigned to one of six social class codes from the 1980 OPCS Classification of Occupations. These social class codes were then categorised as either 'manual' (social classes IIIM, IV, V) or non-manual (social classes I, II, IIINM).
For 779 cases and 918 controls, paternal occupation was missing and these subjects were excluded from the analysis. For some (137 cases and 145 controls), it was not possible to assign an occupation code, or it was not possible to convert the 1980 code to a 1970 code (63 cases and coincidentally 63 controls (Figure 1 ). In these circumstances, the paternal occupation was coded as missing. For 1322 cases and 1577 controls, social class was classified as 'missing' because no occupation was given or the occupation falls outside the ONS social classifications (i.e., armed forces, student, independent means or sick). The 63 cases and 63 controls excluded from the occupation analysis were included in the social class analysis and appear in the results shown in Table 5 .
In all, 1380 case/control fathers were classified as 'forces', comprising the armed forces, police force, fire service, and guards and related workers not elsewhere classified. Within the 'forces' group, social class code was unavailable for members of the armed forces, approximately half the group, and so the adjusted analysis was not performed for this exposure group. 
Analysis
Odds ratios (ORs) and 95% confidence intervals (95% CIs) for our matched analysis were calculated using conditional logistic regression (Breslow and Day, 1980) . Matching factors were: sex, period of birth and birth registration subdistrict. Odds ratios and 95% CIs adjusted for social class (I, II, IIINM, IIIM, IV, V) were also generated. Our exposed population was those classified as 'definitely' exposed. The same analyses were repeated taking the exposed population as those with either 'definite' or 'possible' exposures (results not shown). Statistically significant results were defined as those where the P value was o0.05.
To assess the impact of multiple statistical testing on the likelihood of any of the 33 P values for total leukaemia being significantly different from those expected by chance should the null hypothesis for each test be true, we plotted the empirical cumulative distribution of P values whose null sampling distribution is assessed as uniform on (0,1). To test for significant deviation from linearity, we compared the actual distribution with simulations of random samples from the distribution on (0,1).
All analyses were carried out using STATA v. 11 (2005) .
Results
After exclusions, a total 15 785 (94%) cases and 15 638 (93%) controls were included in the analyses of occupation and leukaemia risk, and 15 442 (92%) cases and 15 187 (91%) controls in the analyses of social class and leukaemia risk ( Figure 1 ). Of the cases, 12 288 (78%) were LL, 2367 (15%) were AML and 1130 (7%) were classified as other leukaemia (Table 1 ). There was no significant difference between the birth regions of cases and controls. However, there was a difference in social class between the two groups, with a significantly higher percentage of nonmanual social class fathers of cases than of controls. Table 2 shows estimates for the risk of total leukaemia by occupational exposure group. There are two exposure groups for which the risk of leukaemia is significantly less than 1.0: exposure to exhaust fumes and to lead. For one exposure group, social contact, leukaemia risk was significantly raised (OR 1.14, 1.05-1.23). These associations persisted following adjustment for social class.
For LL, a significantly raised OR was seen for paternal occupational social contact (OR 1.12, 1.02-1.22), but this became non-significant following adjustment for paternal occupational social class (Table 3 ). The OR for exposure to exhaust fumes at 0.9 was of borderline significance. No other significant associations emerged. For AML (Table 4) , a significantly raised OR for paternal occupational social contact was observed (OR 1.25, 1.01-1.55) but this became non-significant after adjustment for paternal occupational social class (Table 4) . Risk of AML was significantly reduced with paternal exposure to exhaust fumes and for the exposure group medical/healthcare. For other leukaemias, only exposure to electromagnetic fields (EMFs) (OR 1.64, 1.14-2.38) was associated with an increased risk. This relationship persisted after adjustment for social class (OR 1.60, 1.11-2.33) but was based on small numbers (119 informative pairs, data not shown).
When we plotted the empirical cumulative distribution of total leukaemia P values and compared the actual distribution with simulations of random samples from the uniform distribution, we found that the likelihood of any P value lying outside the range expected by chance was low.
When we examined risk of childhood leukaemia by paternal occupational social class, we found that higher paternal occupational social class was associated with increased leukaemia risk, thus children of professional/managerial fathers were at greater risk than those of manual labourers. This was almost entirely driven by the results for LL: OR 0.95 (0.93-0.97) for each reduction in occupational social class (Table 5) .
DISCUSSION Summary
Our analysis, based on almost all cases of childhood leukaemia diagnosed in Great Britain between 1962 and 2006, showed a significantly increased risk of leukaemia overall, LL and AML with paternal occupational exposure to 'social contact'. After adjustment for paternal social class, the increased risk for total leukaemias with social contact persisted, whereas for LL and AML it became non-significant. The risk for 'other leukaemias' was also raised significantly with paternal exposure to EMFs. This risk estimate was reduced slightly by adjustment for social class.
Our results also showed a statistically significant protective effect against total leukaemia and the subtypes LL and AML of exposure to exhaust fumes, and for total leukaemia with paternal exposure to lead, though the latter association was of borderline significance. The association with LL did not persist after adjustment for social class but those for AML with exhaust fumes and total leukaemia with lead did.
We also found that higher paternal social class was associated with a significantly raised risk of LL, and lower paternal social class with a (non-significant) decreased risk of LL. The trend of this association was significant.
Comparison with previous studies
There are a number of previous studies of risk of childhood leukaemia and paternal occupation. A number of these have, in contrast to our results, shown increased risk of leukaemias from paternal exposure to motor vehicle emissions (Colt and Blair, 1998 ). An analysis of the findings of 21 studies of childhood leukaemias and paternal occupation reported a pooled OR of 1.21 (1.11-1.32), though cautioned that variation in exposure assessment and outcome definitions did not make interpretation straightforward (McKinney et al, 2003) . In this context, our result, suggesting a protective effect, is an anomaly and is likely to be the result of chance. The biological plausibility of the association between vehicle emissions and leukaemia is based on exposures to benzene; benzene is a component of exhaust fumes and IARC recommends that there is sufficient evidence for benzene to be a cause of leukaemias in adults, particularly for AML (International Agency for Research on Cancer, 1982). In our results, no other occupational exposure group in which benzene may have been a plausible component (hydrocarbons inhaled or solvents) was a risk factor for childhood leukaemia.
Our results are not in accord with the literature on paternal exposure to solvents and paints as risk factors for childhood leukaemia, for which there is reasonably reliable epidemiological evidence (Colt and Blair, 1998) . For these exposures, for each outcome considered here, the ORs are unremarkable. Similarly, we saw no associations between paternal exposure to agriculture, agrochemicals or animals and childhood leukaemia, a finding in keeping with recent studies (Fear et al, 1998; Pearce et al, 2006) . However, there is reasonably consistent epidemiological evidence, The group includes members of the fire service, police force and armed forces. Occupational social class was missing for members of the armed forces (n ¼ 300 cases and 383 controls), leaving 626/1222 informative pairs for the adjusted analysis. As a result the figure is omitted.
Childhood leukaemia and paternal occupation TJ Keegan et al presented in a recently updated review, for paternal exposure to pesticides as a risk factor for childhood leukaemia, as well as a plausible role for the child's own exposure to pesticides in the aetiology of childhood cancer (Infante-Rivard and Weichenthal, 2007) .
Occupational exposure to EMFs was a risk factor for other leukaemias, which persisted after adjustment for social class albeit based on small numbers. This adds to the body of evidence on paternal EMF exposure and childhood leukaemia, which to date is inconsistent (Feychting et al, 2000; Pearce et al, 2007) .
In our study, social contact was a risk factor for childhood total leukaemia and both LL and AML separately. The risk estimates for total leukaemia were unaffected by adjustment for social class, whereas those for LL and AML remained raised but became nonsignificant on adjustment. This finding is in keeping with evidence that a father's high level of social contact is a risk factor for childhood leukaemia, with the suggestion that this pattern reflects an infective aetiology for childhood leukaemia (Kinlen et al, 2002; Pearce et al, 2004; Hug et al, 2010) , though a recent case-control study of childhood cancer risks failed to support this (Fear et al, 2005) . Kinlen (1997) reported a significant positive trend in childhood leukaemia risk in rural areas of Britain (at ages 0-14, 0-4 and 5-14 years) in which high levels of population mixing was likely. These significant excess risks were seen across the occupational contact categories from the reference group through high to very high contact categories, particularly for paternal occupations connected with the construction industry and transport (Kinlen, 1997) . Kinlen and Bramald (2001) reported a case-control study in Scotland in which a positive association was found between rates of childhood leukaemia (0-4 years) in rural areas and paternal occupations that involved occupational contact. They observed no such relationship in urban areas, where it was taken that children are less isolated, and are consequently exposed to many infections from an early age (Kinlen and Bramald, 2001) . This observation was supported by a similar study in Sweden (Kinlen et al, 2002) .
When we examined leukaemia risk in children by the occupational social class of the father, we found that for LL and for total leukaemia there was an increased risk of childhood leukaemia in the higher social classes. This is consistent with evidence from other registry-based studies of paternal socioeconomic status (SES) and childhood leukaemia (Borugian et al, 2005; Poole et al, 2006; Kroll et al, 2011b) , but contrasts with evidence from an area-level analysis that showed raised ORs for leukaemia in children living in the lowincome municipalities (Raaschou-Nielsen et al, 2004) . However, that paper also reported neutral ORs for the results of an analysis of risk of childhood leukaemia and paternal social class.
Additionally, our results are in accord with results from a casecontrol study of a matched area-level analysis of SES and leukaemia (cases n ¼ 3835) that showed a significantly reduced risk for childhood ALL in the most deprived SES category compared to the least (OR 0.76, 95% CI 0.61-0.95), when cases whose parents had not been interviewed were excluded (Smith et al, 2006) . 
Strengths and limitations
The strengths of this study are that the analysis is based on case data drawn from the NRCT which has, over the period studied here, consistently high levels of case ascertainment (Kroll et al, 2011a) . A problem with case-control studies that interview participants is recall and participation bias. The level of such bias here is likely to be minimal, as the study used routinely collected data and occupation was documented before diagnosis. The exposure assessment used a well-established occupational and exposure classification, (Fear et al, 1999a) to which father's occupation was coded blind to case-control status. However, our method used occupation recorded at the time of birth, and this might differ from an occupation held at a more aetiologically important time period. Additionally, we have no information on the frequency or duration of exposure and occupational practices, and exposures may have changed during the long study period that would lead to exposure misclassification. It is also possible that during our long study period some cases of childhood leukaemia were not diagnosed or registered. If those cases were more likely to be from the lower social classes, there could be fewer cases of leukaemia in the lower social class groups relative to the higher class groups, and this might possibly explain the social class effect we detected.
In this study, we have analysed risk of leukaemia by paternal occupational exposure for each major leukaemia subgroup. This is important as each may have a different aetiology (Ross et al, 1994; McKinney et al, 2003) . Of those risks that were raised, social contact was associated with total leukaemia, LL and AML, and EMF exposure was associated with other leukaemias. For total leukaemias, this association remained after adjustment for paternal occupational social class but for the subtypes LL and AML it did not.
Interpretation
One possible reason why our data have not shown associations between paternal occupational exposures such as solvents and exhaust fumes is exposure misclassification. The exposure windows when a paternal occupational exposure may plausibly lead to childhood leukaemia are at periconception, as a result of effects of the exposure on germ cells, and during pregnancy and after birth, when contaminants brought home from the workplace by the father may affect the embryo or young child (McKinney et al, 1991; Olshan et al, 2000) . As we have no information about paternal occupation before or after a child's birth was registered, the occupation (and hence exposure) may have been different and exposure misclassification may have arisen as a result; however, this applies equally to cases and controls. Additionally, we have no direct information about the intensity or frequency of exposure within groups, and, over the 45 years for which we have data, actual exposures may have changed within exposure groups as a result of changing workplace practices. The need for specific information about exposures and their timing to which we draw attention has been highlighted previously (Schuz et al, 2003) .
In our analysis, we carried out multiple comparisons that may have resulted in a number of associations having arisen by chance. Our analysis showed that the significant P values for the lowered ORs are unlikely to be real. Although this fits with expectations of the nature of the relationship between paternal exposure to lead and exhaust fumes and childhood leukaemia, it is also the case that the significantly raised ORs we have reported may also have arisen by chance. Although the literature would suggest that the latter association is more plausible, our results should still be interpreted with caution. Other, unmeasured, risk factors may also explain the association between social class and childhood leukaemia.
In conclusion, although this study adds only limited evidence that individual paternal occupational exposures are risk factors for childhood leukaemia it does provide additional evidence for higher occupational social class being a risk factor for childhood leukaemia. Other risk factors associated with social class may therefore have a more important part than specific occupational exposures.
